We studied the effects of hypoxia on the electrical activity and ultrastructure of pacemaker cells of sinoatrial nodal tissue excised from rabbit heart. The slope of slow diastolic depolarization was markedly reduced within 15-20 minutes after gassing Tyrode's solution with nitrogen, whereas other action potential parameters were not much affected. At 60-90 minutes in the hypoxic solution, the maximum diastolic potential decreased by 13 mV, and the peak potential decreased to -5 mV, but abbreviated action potentials continued to occur for another 30-60 minutes. After 60-90 minutes of hypoxia, reoxygenation did not produce complete recovery of the action potential. In glucose-free solution, action potentials ceased within 40 minutes of hypoxia, but reoxygenation restored electrical activity. A good correlation was found between the duration of hypoxia and the extent of ultrastructural change in sinoatrial nodal cells. After 15-20 minutes of hypoxia, mitochondria showed decreased electron density of their matrix and loss of intramitochondrial particles. The glycogen content was reduced. After 60-90 minutes of hypoxia, further changes in the mitochondria occurred: clearing of the matrix, fragmentation of cristae, rupture of the outer membrane, and formation of myelin figures. Glycogen had almost completely depleted after reoxygenation. These changes were partly reversible except for the glycogen content. Our results provide electrophysiological evidence that cells in the sinoatrial nodal tissue can withstand long exposure to hypoxia, using energy produced by the anaerobic glycolytic pathway.
IN a previous study, we demonstrated that the sinoatrial nodal cells of the rabbit heart survive for long periods in cold Tyrode's solution. Action potentials and pacemaker activity are well preserved, whereas in other tissues, the cells are electrically quiescent (Nishi et al., 1977) . Kohlhardt et al. (1977) have reported that pacemaker cells in the sinoatrial node are resistant to hypoxia and continue to generate spontaneous action potentials of decreased frequency and amplitude for more than 2 hours during hypoxia. Furthermore, the content of glycogen, a substrate for anaerobic metabolism, is high in the nodal cell and other cells in the conduction system (von Kiritschenko and Egelkraut, 1970; Ohyumi, 1975) . These observations suggest that cells in the sinoatrial node use anaerobic glycolytic metabolism to provide the energy necessary for the maintenance of excitability. If this is the case in the sinoatrial node, the cells would use glycogen under a hypoxic condition and this, in turn, would result in depletion of the substrate. As soon as the oxygen tension within the cell becomes limiting, mitochondria cease to function, and a series of functional and ultrastructural alterations of mitochondria occur (Trump et al., 1971) . In fact, observations on the mammalian ventricular myocardium exposed to acute or chronic hypoxia have revealed that ultrastructural characteristics include mitochondrial change, swelling of the sarcoplasmic reticulum, glycogen loss, and myofibrillar damage (Ferraris and Roberts, 1971; Schwartz et al., 1973; Goldstein et al., 1977; Schaper et al., 1977) . However, little information is available concerning ultrastructural alterations of sinoatrial nodal cells exposed to hypoxia. The relationship between ultrastructural changes and electrical activity of the nodal cells exposed to hypoxia also has not been investigated. Therefore, in the present study, we have examined the effects of hypoxia on ultrastructure and electrical activity of sinoatrial nodal cells in an attempt to clarify the extent to which the alterations of the cellular ultrastructure relate to changes in electrical activity, and whether reoxygenation may prevent the alterations of both ultrastructural and electrical characteristics of sinoatrial nodal cells exposed to hypoxia.
Methods
Albino rabbits of either sex, weighing about 2 kg, were anesthetized with ether, and the heart was 202 CIRCULATION RESEARCH VOL. 46, No. 2, FEBRUARY 1980 excised. Samples of the right atrium with the sinoatrial node region intact were excised from the heart and were pinned with the endocardial surface upward to the base of a 50-ml supervision chamber. The depth of the chamber was 2.5 cm. The preparations were superfused at a rate of 100 ml/min with Tyrode's solution equilibrated with a gas mixture of 95% O 2 + 5% CO2. Temperature was maintained constant at 36.0 ± 0.5°C. Transmembrane potentials of cells in the sinoatrial node region were recorded by conventional microelectrode techniques; glass capillary microelectrodes filled with 3 M KC1 or 2 M K-citrate (resistance 10-30 MS2 and tip potentials less than 5 mV) were coupled via a platinum wire to an amplifier having high input impedance and capacitance neutralization . The output of the amplifier was displayed on an oscilloscope (Tektronix 5103 N). Action potentials were differentiated using an analog differentiator. Before an experiment was started, the preparation was equilibrated for at least 20 minutes in Tyrode's solution that had the following composition (HIM): NaCl, 136.8; KC1,2.68; CaCl 2 , 1.80; MgCl 2 , 1.08; NaH 2 PO4, 0.26; NaHCO 3 , 11.90; and glucose, 5.56. The pH of the solution ranged from 7.24 to 7.29. Different oxygen tensions of the superfusate were attained by gassing the solution with mixtures of differing compositions of O2 and N2 in 5% CO 2 at a total gas-flow rate of 100 ml/min. The most hypoxic solution was equilibrated with a gas mixture of 95% N 2 + 5% CO 2 . One milliliter of the superfusate from the vicinity of the tissue was taken periodically to measure the oxygen tension using Astrup microequipment (Radiometer D616).
For electron microscopic study, a small piece of tissue (0.5 X 1 mm) was excised from the sinoatrial node region where true pacemaker potentials were recorded. The tissue was fixed with cold 2% glutaraldehyde in Millonig's phosphate buffer at pH 7.4 for 3 hours, rinsed in buffer, and postfixed in 1% osmium tetroxide in the same buffer for 2 hours. The preparation was dehydrated during a 12-hour period in a series of increasing concentrations of ethanol and then embedded in Epon. Ultrathin sections were cut with a LKB ultratome, stained with uranyl acetate and lead citrate, and examined in a Hitachi UH12A electron microscope.
Sampling of the Tissue and Data Analysis
After recording electrophysiological properties of pacemaker cells in the sinoatrial nodal tissue superfused in a well-oxygenated solution for 30-60 minutes, we excised six tissue samples from six different hearts as the control specimen. For ultrastructural examinations of the effects of hypoxia on the sinoatrial nodal tissue, 12 tissue samples were obtained from 12 different hearts exposed to hypoxic conditions for various periods of time (three samples for 15 minutes of hypoxia, four samples for 30 minutes, three samples for 60 minutes, and two samples for 90 minutes). Eleven samples were obtained from 11 different hearts that had been reoxygenated for 20 minutes following 15-to 120-minute periods of hypoxia. Four samples were obtained from four different hearts which were superfused with oxygenated glucose-free solution for 40 minutes. Four samples were excised from four different hearts which had been exposed to a hypoxic glucose-free condition for 30 minutes, following a 40-minute period of superfusion with oxygenated glucose-free solution. Before cutting ultrathin sections, we obtained relatively thick sections from the whole block of the tissue, stained them with toluidine blue, and examined them under a light microscope. After the endocardial side of the tissue was identified, ultrathin sections which always included the endocardial surface of the tissue were cut. Seven to 12 alternating thin (silver to gray) and thick (blue to green) sections were mounted on a grid, and thereafter, two or three thick sections (2-3 /im) were cut, followed by thin sections which were mounted on another grid. In this manner, a total of approximately 100 ultrathin sections were obtained from each tissue sample. A part of the sinoatrial node region in alternative sections having a silver or gray color was randomly photographed at an initial magnification of 3000X and enlarged to 8400X.
For a quantitative analysis of morphological changes in sinoatrial nodal cells exposed to hypoxic conditions, altered mitochondria were counted; 10 electron micrographs, each of which covered an area of approximately 28 X 20 /xm, were randomly selected from each tissue sample. To analyse the data as objectively as possible, the electron micrographs selected from different tissue samples were read randomly. Mitochondria, classified into three categories according to the degree of morphological change, were counted, without knowing from which tissue samples the electron micrographs were taken.
Statistical evaluation of results were performed with Student's t-test.
Results

Effects of Hypoxia on Electrical Activity of Cells in the Sinoatrial Node
During the control period, transmembrane potentials were recorded from true and latent pacemaker potentials located in a narrow area in the sinoatrial nodal region, the former showing a smooth and the latter an abrupt transition between phase 4 and phase 0. However, transmembrane potentials from different cells varied considerably in magnitude and configuration from fiber to fiber even in a small area of the sinoatrial node region. When the control gas mixture was switched to 95% N 2 + 5% CO 2 , oxygen tension in the superfusate fell to 10-15 mm Hg within 15 minutes. Soon after switching to 95% N 2 + 5% CO 2 , in most cases, the rate of discharge of the cells from which true pace-maker potentials were recorded transiently increased and thereafter started to decrease, the slope of diastolic depolarization being decreased as shown in Figure IB . During this initial phase of the decrease in discharge frequency, true pacemaker potentials often were converted to latent ones; this was associated with a slightly increased rate of rise and decreased duration of action potentials. However, true pacemaker potentials which were not converted to latent ones did not show significant changes in the amplitude of the maximum diastolic potential or rate of rise for 10-15 minutes. Figure 1 shows sample records of pacemaker potentials recorded from two cells from different hearts. The oxygen tension was decreased to 10-15 mm Hg with 15 minutes. In these cells, true pacemaker potentials were converted to latent ones at a Po 2 of 120-125 mm Hg (5 minutes after the anoxic gas mixture), and the slope of diastolic depolarization markedly decreased at a Po 2 of 60-80 mm Hg (7 minutes after the anoxic gas mixture).
We examined the time course of the changes in 120 68 14 10 0.5 s
FIGURE 1 Effects of oxygen tension on Tyrode's solution on pacemaker potentials. Action potentials recorded continuously from two cells (A and B) in different sinoatrial nodal tissues at various levels of oxygen tension
within 20 miniutes after the start of gassing with a gasmixture of 96% N 2 + 5% CO 2 . The upper trace of each record is the rate of rise of the action potential and the lower one, the action potential. Horizontal bars indicate 0 potential level. pacemaker potentials recorded from sinoatrial nodal tissues exposed to hypoxia for a long time. When a successful continuous impalement of a single cell could be maintained for 60-90 minutes, DC-potential shifts, as well as shifts in the pacemaker site, inevitably occurred. This made quantitative analysis difficult. However, in a few cases, shifts in the pacemaker site and DC-potential did not occur. In other instances, to obtain a rough idea of the extent to which prolonged exposure to the hypoxic solution would affect pacemaker potentials, action potentials were recorded from different cells in the sinoatrial node region where true pacemaker potentials had been obtained during the control period, and each parameter of the action potential was compared with that of the control. Results are summarized in Table 1 , where only action potentials with a smooth transition between phase 4 and phase 0 were analyzed. Thirty to 40 minutes after exposure to the hypoxic solution, the maximum diastolic potential was slightly decreased and the peak potential declined, whereas the rate of rise of action potentials varied, depending on the cells, some being decreased but others being unchanged or slightly increased. However, these changes in true pacemaker potentials caused by hypoxia were completely reversible after reoxygenation. Immediately after starting to gas the hypoxic solution with a gas-mixture of 95% O2 + 5% CO 2 , in most cases the discharge rate of the cells transiently decreased; this was followed by an increase in the maximum diastolic potential and an increase in the slope of diastolic depolarization. Within 10-15 minutes in the oxygenated solution, the configuration, amplitude, and frequency of the action potentials became almost identical to those of true pacemaker potentials recorded during the control period.
After 90 minutes in the hypoxic solution, marked changes in true pacemaker potentials occurred. The maximum diastolic potential decreased by about 10-15% of the control value, and the peak potential declined to 0-10 mV. A typical example of effects of hypoxia on true and latent pacemaker potentials is illustrated in Figure 2 ; in A' and B', the amplitude of true pacemaker potentials markedly decreased at 90 minutes in the hypoxic solution, whereas latent pacemaker potentials recorded from a spot close to the region where true pacemaker potentials were obtained were not much affected (C and D').
Ninety minutes after exposure to the hypoxic solution, the preparations were superfused with well-oxygenated Tyrode's solution. The amplitudes of the action potentials gradually increased, and the maximum diastolic potentials increased. Within 15-20 minutes after returning to the oxygenated solution, some preparations showed complete recovery of true pacemaker potentials; the amplitudes and configurations of action potentials were identical to those obtained in the control period, whereas in others, action potentials did not recover and the 204 CIRCULATION RESEARCH VOL. 46, No. 2, FEBRUARY 1980 (n = 17) -62.4 ± 1.7 mV -60.1 ± 1.9 mV* -56.5 ± 1.7 m V 6.1± 0.9 mV -0 . 3 ± 1 . 5 m V -1.1 ± 1.8 m V 158 ± 12.8%* 193 ± 17.5%* 208 ± 8.4%* (n = 12) (n = 18) (n = 14)
Each value represents the mean ± SE of true pacemaker potentials obtained from six sinoatrial node preparations. Max. diast. pot. = maximum diastolic potential; Peak pot. = peak potential. Numerals in parentheses indicate number of true pacemaker potentials.
* Value is significantly different from the control (P < 0.05).
hypoxia-induced abbreviation of the action potential persisted, even though the preparations had been superfused in the oxygenated solution for 60 minutes. Statistical analysis revealed that both the maximum diastolic and peak potentials recorded from the preparations at 30 minutes and 60 minutes after reoxygenation were significantly lower than those obtained during the control period ( by previous authors (Hoffman & Cranefield, 1960; Kohlhardt et al., 1977) . Since Kohlhardt et al. (1977) have shown that an elevated glucose concentration in a hypoxic Tyrode's solution partly prevents the anoxia-induced changes in pacemaker potentials, it was of interest to see whether a glucose-free solution would augment the effect of hypoxia on pacemaker potentials. When the tissue was maintained in a well-oxygenated solution without glucose for about 30-40 minutes, there was no appreciable change in the amplitude and configuration of true pacemaker potentials (Table 3) , but when the preparation was then exposed to a solution equilibrated with the anoxic gas mixture, marked changes in true pacemaker potentials occurred within 10 minutes; the cycle length was prolonged, the maximum diastolic potential decreased, and the peak potential declined. In seven preparations examined, within 13-40 minutes after switching to the anoxic gas mixture, the cells in the sinoatrial node region were electrically arrested in a depolarized state ( Fig. 3 ). Immediately after cessation of action potentials, the hypoxic solution was reoxygenated. Reoxygenation produced a slight hypolarization followed by small oscillatory potentials which, within 5-10 minutes, were converted into true pacemaker potentials with an amplitude and configuration identical to those of action potentials recorded during the control period. The results clearly indicate that to maintain electrical activity of pacemaker cells in the sinoatrial node under hypoxia, glucose in the external medium is essential.
Ultrastructural Characteristics of Sinoatrial Nodal Cells in a Hypoxic Solution
The sinoatrial nodal tissues were superfused in a well-oxygenated solution for 30-60 minutes and, thereafter, a small piece of tissue from which true pacemaker potentials had been recorded was excised. Electron microscopic examination of the tissue revealed ultrastructural characteristics of pacemaker cells described by previous authors (Torii, 1962; Trautwein and Uchizono, 1963; DeFelice and Challice, 1969; Sommer and Johnson, 1970; Emberson and Challice, 1970; Tranum-Jensen, 1976) . The cells were small and appeared ovoid, round, roughly spindle-shaped or sometimes branching with thin -59.37 ± 1.18 mV 6.32 ± 0.59 mV* (n = 15) Each value represents the mean ± SE of true pacemaker potentials obtained from four sinoatrial nodal tissue preparations. Max. diast. pot. = maximum diastolic potential; Peak pot. = peak potential. Numerals in parentheses indicate number of true pacemaker potentials.
' Value is significantly different from the control (P < 0.05).
tapering ends, depending on the sections made. The internal structure of these cells was characterized by their relatively electron-lucent cytoplasm, poorly organized irregularly arranged myofibrils, and the presence of electron-dense particles, presumably glycogen granules. Mitochondria of varying size and shape were distributed randomly and their foliate cristae arranged closely without showing any particular orientation, giving an impression of an electron-dense matrix. In the mitochondria, electrondense particles of 200-300A were observed frequently. Cells were in close apposition with a gap of uniform width, and the only specialized zone of contact along the gap was irregularly scattered small desmosomes. Gap junctions were rare. In most cases, cells characterized as "pacemaker cells" were localized in several layers below the endocardial surface of the tissue. In the deeper layers, there was a general tendency for the cells to become larger, the number of myofibrils to increase, being regularly arranged in parallel with the longer axis of the cell, and for mitochondria to be elongated. Figures 4 and 5 are electron micrographs of cells in the sinoatrial nodal tissue which had been superfused in an oxygenated Tyrode's solution for about 40 minutes; they show ultrastructural characteristics of the pacemaker cells described above. There was no appreciable change in the internal structure of the cells comparing the sinoatrial nodal tissue, which was freshly excised from the heart and fixed, and the tissues had been superfused with Tyrode's solution for a relatively longer period (30-60 minutes). However, qualitatively, a general tendency was noted toward an increasing separation of the gap the longer the tissue was superfused in vitro, giving an edematous appearance. At 15 minutes in the hypoxic solution, ultrastructural alterations of the cells in the sinoatrial nodal tissue started. Mitochondria showed a swollen or elongated appearance, and their matrices became electron lucent. The cristae tended to arrange in parallel. In some mitochondria, the cristae were swollen, broken, or fragmented. Occasionally, rupture of the outer membrane was observed. The electron-dense intramitochondrial particles disappeared. A quantitative analysis of morphological changes in mitochondria in the sinoatrial nodal cells exposed to hypoxia for various periods of time was made and is summarized in Table 4 . The other prominent change in the ultrastructure of cells exposed to hypoxia was a marked decrease in the content of glycogen granules; only a few were scattered irregularly in the cytoplasm (fig. 6 ). When the tissue was exposed to hypoxia for longer than 30 minutes, changes in mitochondria became more prominent. After 30 minutes in the hypoxic solution, the matrix of most of the mitochondria became more electron lucent and swollen; the cristae were fragmented or broken and the mitochondria were vacuolated. The number of mitochondria in which the outer membrane was disrupted increased. Gly-Each value represents the mean ± SE of true pacemaker potentials obtained from seven sinoatrial nodal tissue preparations. Max. diast. pot. = maximum diastolic potential; Peak pot. = peak potential. Numerals in parentheses indicate number of true pacemaker potentials.
FIGURE 3
Effects of hypoxia and reoxygenation on true pacemaker potentials of sinoatrial nodal tissue in a glucose-free solution. The upper panels show sample records of true pacemaker potentials in a glucose-free solution during the control period at (a) 5 minutes after, (b) 7 minutes after, and (c) 5 minutes after the start of gassing with a gas mixture of 95% Oi + 5% CO 2 . The lower records A, B, and C are continuous records of potential changes. A: 4 minutes in a hypoxic solution; B: 10 minutes, and C: 5 minutes after reoxygenation. Gassing with the Oi started at the point indicated by an arrow. The upper beam of each record is the rate of rise of the action potential. VOL. 46, No. 2, FEBRUARY 1980 *> FIGURE 4 Ultrastructural appearance of sinoatrial nodal tissue during the control period. A low power electron micrograph shows a part of the sinoatrial node where true pacemaker potentials were recorded in vitro. The tissue was superfused with oxygenated Tyrode's solution for 30 minutes prior to fixation. Cells show characteristics of pacemaker cells (pc). The morphology of these cells is normal and resembles that of cells fixed in situ. Pacemaker cells closely contact each other, and occasionally, a desmosome is present (thick arrow). C = capillary; m = mitochondria; mf= myofibril; n = nucleus. Abbreviations are same in the following plates otherwise specially mentioned. Magnification = 5000 X; calibration = 1 jim. cogen granules were almost depleted. Some of the sarcomeres exhibited an irregular arrangement of myofilaments. Occasionally the sarcoplasmic reticulum was vacuolated. At 60-90 minutes, the number of damaged mitochondria further increased. Loss of the outer mitochondrial membrane, fragmentation of the cristae, and complete vacuolization were frequently observed. The occurrence of large electrondense amorphous bodies in the cytoplasm which were occasionally seen in normally oxygenated sinoatrial nodal tissue became more frequent. The nuclei showed swelling, clearing, and marginal clumping of chromatin. Edema of the intracellular and interstitial space was present in some areas. In most cases, glycogen granules were not seen. The contractile elements were less affected than the mitochondria, but occasionally fragmented myofilaments were observed. These changes in ultrastructural features of the cells in the sinoatrial nodal tissues appeared during the course of hypoxia and were consistent in all tissue samples examined. Figure 7A shows electron micrographs of such cells superfused with hypoxic solution for 60 minutes. These were cells from which true pacemaker potentials of low amplitude and frequency could be recorded.
CIRCULATION RESEARCH
Tissue samples which had been superfused with the glucose-free solution under an oxygenated condition for 40 minutes were excised from the sinoatrial node region and examined using the electron microscope. Their ultrastructural characteristics were compared with those of the samples which previously had been maintained in well-oxygenated glucose-free solution for 40 minutes and thereafter exposed to hypoxia for 30 minutes.
Ultrastructural features of the tissue superfused with the glucose-free solution for 40 minutes were essentially similar to those of sinoatrial nodal tissue in normal Tyrode's solution. However, one noticeable qualitative change in the internal structure was a decrease in glycogen granules, giving an impression of more electron lucency of the cells (Fig. 8) . At 30 minutes in the hypoxic glucose-free solution, marked changes in mitochondria were observed; mitochondria were swollen, became electron lucent and their cristae were swollen, broken, or fragmented. The degree of mitochondrial damage was more severe than the tissue exposed to the hypoxic solution containing glucose for 30 minutes. Glycogen granules were completely depleted. Figure 9 shows electron micrographs of the cells in the sinoatrial node at 30 minutes in the hypoxic glucosefree solution.
The preparations were superfused with a reoxygenated solution after exposure to hypoxia. Since in most cases action potentials returned to normal configuration and amplitude within 20 minutes after the onset of reoxygenation, the tissue samples were excised from the sinoatrial node region at 20 minutes after the start of the reoxygenation and examined using an electron microscope.
The mitochondria of sinoatrial nodal cells which had been exposed to a hypoxic condition for 15-20 minutes showed almost complete recovery. The density of the matrix increased, the cristae were arranged closely, and the dense intramitochondrial particles appeared. However, the content of glycogen granules was markedly less than that of the control. In the preparations which had been in the hypoxic solution for 30 minutes, most of the mitochondria appeared normal, but some exhibited a partly clear matrix and damaged cristae. Occurrence of dense intramitochondrial particles was less frequent. Glycogen granules were seen but sparsely FIGURE 5 Mitochondria and glycogen granules in pacemaker cells during the control period. The tissues were superfused with oxygenated Tyrode's solution for 30 minutes prior to fixation. A and B were taken from different samples. Mitochondria with an electron-dense matrix contain intramitochondrial particles in both A andB. Membrane specialization is seen in the apposition of two pacemaker cells in A (at arrow), and glycogen granules (gly) are scattered abundantly in the cytoplasm in B. Magnification = 25,000; calibration = 1 jim. Numerals in parentheses indicate the range of means for different experiments; n = number of mitochondria examined in electron micrographs randomly selected from three different tissue samples of 15-minute, four samples of 30-minute, three samples (glucose-free) of 30-minute, and three samples of 60-minute period of hypoxia. Glucosefree = sinoatrial nodal tissues exposed to glucose-free solution following a 40 minute-period of superfusion with normoxic glucose-free solution. Ultrastructural changes in mitochondria: Slightly swollen = mitochondria showing a swollen or elongated appearance and electron lucent matrix. Markedly swollen = mitochondria showing a markedly swollen appearance and widely opened or broken cristae. Vacuolated or broken = mitochondria showing fragmented or broken cristae, a completely cleared portion and/or the disrupted outer membrane.
FIGURE 6
Ultrastructural changes in sinoatrial nodal tissue after a 15-minute period of hypoxia. The cytoplasm of pacemaker cells shows an electron-lucent appearance. Mitochondria show a swollen appearance and the electronlucent matrix with partly broken cristae. Glycogen is sparsely present. Inset B: mitochondria at a high magnification of a part of the cells enclosed by square show clearing of a part of the matrix, damaged cristae, and absence of the small intramitochondrial particles. nf= nerve fiber. Magnification: (A) = 10,000 x and (B) -25,000 X; calibration = FIGURE 7 Effects of hypoxia and reoxygenation on sinoatrial nodal tissue. In A, the tissue was superfused with a hypoxic solution for 60 minutes. Cells contain more damaged mitochondria showing extensive clearing of the matrix than those in Figure 6 . Glycogen is not present. In B, the tissue was reoxygenated for 20 minutes after a hypoxia period of 60 minutes. Mitochondria show the electron-dense matrix and reorganization of cristae, but intramitochondrial particles are not seen. Glycogen is not present. Magnification = 10,000 X; calibration = / /i/n. 210 CIRCULATION RESEARCH VOL. 46, No. 2, FEBRUARY 1980 FIGURE 8 Effects of glucose-free solution on the sinoatrial nodal tissue. The tissue was superfused with glucose-free solution for 40 minutes prior to fixation. There is no appreciable change in the ultrastructural features of the tissue, but the content of glycogen granules is less than that seen in Figure 4 . Magnification = 12,000 X; calibration = 1 tim. scattered in the cytoplasm. When the hypoxic period lasted longer than 60 minutes, the recovery of the damaged mitochondria was incomplete (Fig. 7) . The mitochondria still showed a swollen or elongated appearance, and their matrix was clear, although the density of the matrix had increased markedly compared to that of the cells before reoxygenation. The cristae were somewhat swollen and often arranged in parallel. The dense intramitochondrial particles were not seen. Large amorphous bodies and lamellar bodies still were present in the cytoplasm. Vacuoles of various size and shape were observed. Clusters of glycogen granules consisting of four to eight particles were seen occasionally. The nuclei appeared normal, but in some cases, they showed an electron-lucent nucleoplasm. Fig.  10 shows electron micrographs of the cells in the sinoatrial node which had been hypoxic for 120 minutes (A) and then reoxygenated for 20 minutes (B).
Discussion
Electrical Activity under a Hypoxic Condition
In the present experiments, we have shown that cells in the sinoatrial node withstand hypoxia and continue to generate spontaneous electrical activity for more than 90 minutes. These results are consistent with observations of others (Hoffman and Cranefield, 1960; Kohlhardt et al., 1977) . The most marked change in electrical activity of the cells in the sinoatrial node exposed to hypoxia during an initial 15-to 20-minute period was a decrease in the slope of the diastolic depolarization without significant change in other parameters of the true pacemaker potential. The results suggest that an energy consuming process, possibly operating only under aerobic conditions is involved in the mechanism underlying the generation of the diastolic depolarization in pacemaker cells in the sinoatrial node. Prolonged hypoxia resulted in a gradual decrease in the maximal diastolic potential. This may be due to inhibition of an active ion-transport pump which operates more efficiently to exclude accumulated Na + under a normoxic condition (Noma and Irisawa, 1974) . It is interesting to note that in a glucose-free solution, under which condition glycogen content was reduced in true pacemaker cells, electrical activity disappeared within 40 minutes after exposure to hypoxia and the cells remained depolarized. This indicates that to maintain electrical activity of the sinoatrial nodal cell under a hypoxic condition, glucose is essential in the external me-EFFECTS OF HYPOXIA ON SINOATRIAL NODAL CELLS/Ms/u et al. 211 dium. In fact, Kohlhardt et al. (1977) reported that an elevated glucose concentration in a hypoxic Tyrode's solution partly prevented anoxia-induced changes in pacemaker potentials. The observations so far described support the idea that the energy necessary for maintenance of the excitation process in the sinoatrial nodal cell is produced by an anaerobic glycolytic pathway (Kohlhardt et al., 1977) .
Relationship between Ultrastructural Changes and Electrical Activity
The tissue samples taken from the sinoatrial node region where true pacemaker potentials had been recorded in vitro under a well-oxygenated condition, showed well-preserved ultrastructural appearance of the cell; neither mitochondrial changes nor changes in other cell organelles were observed, nor was there appreciable change in the internal structure of the cells in sinoatrial nodes which had been superfused with well-oxygenated Tyrode's solution for a long period of time. Therefore, ultrastructural alterations observed in the present experiments are considered to be a result of hypoxia on sinoatrial nodal cells.
There is a good correlation between the duration of exposure to hypoxia and the degree of ultrastructural change. After the initial 15-to 20-minute period in hypoxic solution, the first changes in ultrastructure which appeared were the loss of intramitochondrial particles, a somewhat swollen appearance of mitochondria and their relatively electron-lucent matrix, and a decrease in the content of glycogen granules. These are compatible with findings for ischemic or anoxic myocardium of human hearts and experimental animal hearts observed by others (Kottmeir and Wheat, 1966; Ferraris and Roberts, 1971; Goldstein et al., 1977) .
The physiological significance of the mitochondrial particles is not certain. Disappearance of the particles could be associated with the release of calcium observed after ischemia (Torii, 1962) , or treatment with metabolic inhibitors (Spieckermann, 1973) , or correlated with a decrease in myocardial creatine phosphate content (Jennings, FIGURE 9 Effects of hypoxia on sinoatrial nodal tissue superfused with glucose-free solution. The tissue that had been superfused with oxygenated glucose-free solution for 40 minutes was exposed to hypoxia for 30 minutes in glucosefree solution and fixed. The cytoplasm of pacemaker cells contains swollen damaged mitochondria. The degree of the mitochondrial damage is severe; extensive clearing of the matrix and fragmentation are seen. Magnification = 11,600 X; calibration = 1 fim. 212 CIRCULATION RESEARCH VOL. 46, No. 2, FEBRUARY 1980 «**$*" f FIGURE 10 Effects of prolonged hypoxia and reoxygenation on mitochondria in the sinoatrial node. A: Mitochondria after 120 minutes of hypoxia show pronounced fragmentation of cristae and clearing of the matrix. The beginning of formation ofmyelin figure and electron-dense materials are seen. In the upper right corner, a small amount ofglycogen is present. B: Mitochondria after 120 minutes of hypoxia and 20 minutes of reoxygenation show structural reorganization of cristae and a moderately electron-dense matrix, but the distance between the cristal membrane still is widened. Intramitochondrial particles are not present, er = Endoplasmic reticulum. Magnification = 25,000 X; calibration = / /xm. 1969). At this stage of hypoxia, only the slope of diastolic depolarization was markedly reduced, but the configuration and amplitude of transmembrane action potentials in the sinoatrial nodal cell were not much affected. After 30 minutes in the hypoxic solution, alterations in mitochondria became frequent, and the degree of change was more severe. Simultaneously, changes in the electrical activity of the cell also began to occur, the maximum diastolic potential decreasing. However, reoxygenation induced a complete restoration of mitochondrial ultrastructure and electrical activity of the cells, whereas the content of glycogen granules remained markedly reduced. Schaper et al. (1977) reported that the dense mitochondrial particles reappeared quickly during reperfusion of the human heart with oxygenated blood during cardiac surgery. However, our results show that the intramitochondrial particles did not reappear after reoxygenation. The discrepancy is difficult to explain. Nevertheless, our results indicate that the presence of the intramitochondrial particles is not correlated with the maintenance of electrical activity of the sinoatrial nodal cell.
After 60-90 minutes in the hypoxic solution, more severe mitochondrial damage was frequently ob-served, and glycogen granules almost disappeared. The action potentials of the pacemaker cells in the sinoatrial node also were distorted. On the other hand, in a glucose-free solution in which the content of glycogen in the sinoatrial node was reduced, action potentials disappeared within a short period of time after the exposure to hypoxia, and glycogen granules were completely depleted. Present results indicate that, in spite of the severe damage to mitochondria and other cell organelles which occur, glucose transport into the hypoxic cell increases the availability of the carbohydrate substrates for anaerobic metabolism under conditions where oxidative metabolism is inhibited. The available glycogen is used in the anaerobic glycolytic pathway and results in production of energy necessary for maintenance of electrical activity.
Reoxygenation did not produce complete reversal of mitochondrial damage; some of the mitochondria showed a swollen appearance and an electronlucent matrix. Mitochondrial changes, such as vacuolization, disappearance of cristae, and rupture of the mitochondrial outer membrane could be irreversible. Since it has been reported that pH changes caused by intracellular acidosis cause permeability changes in the cellular and mitochondrial membrane (Jennings, 1969) , hypoxia of longer duration might cause permeability changes and eventually result in the inability of the mitochondria to reconstitute cristae structure and function. This might be associated with incomplete recovery of action potentials of the sinoatrial nodal cell. However, it is striking to note that even after 120 minutes of hypoxia, some of the mitochondria recovered, reconstituting their cristae structure and increasing the electron density of their matrix. It is possible that if the outer membranes of mitochondria are not broken during the course of hypoxia, under a reoxygenated condition the mitochondrial structure could be reconstructed by using residual proteins, lipids, enzymes, and other substrates inside the mitochondria. Another explanation for the survival of the mitochondria after long exposure to hypoxia is that a certain type of mitochondria in the sinoatrial nodal cell might be resistant to the effects of hypoxia, and hence demonstrate less damage. On the other hand, after reoxygenation, glycogen granules did not reappear. This suggests that available glucose transferred into the cell might still be used in the glycolytic pathways for production of energy necessary for restoration of internal cellular structure.
